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Biological nitrogen fixation, the mechanism of the enzymatic 
conversion of the inert nitrogen gas into amino acids in the cyto­
plasm of the microorganis� has puzzled many scientists for decades. 
The recent discovery of some free-living nitrogen-fixing bacteria 
has encouraged the investigation of this mechanism. A big step taken 
in the. rapid elucidation of this mechanism was the first reproducible 
cell-free nitrogen-fixing system from Clostridium pasteurianum suc­
cessfully obtained by Carnahan et al. (9) in 1960. In the following 
decade , reproducible cell-free systems were demonstrated with the 
strict aerobe, Az otob acter vinelandii (4), f�cultative anaerobic 
Bacillus polymyxa (16) and Klebsiella pneumoniae (Jl) and photosyn­
thetic bacteria , Rhodospi�illum rubrum (46) and Chromatium (1). 
The first major advance produced as the result of development 
of the cell-free system was.the understanding of the requirement for 
an energy source and an electron donor for nitrogen fixation. The 
energy requirement in all cell-free systems is satisfied by the 
biological energy source, ATP. The most effective reductant found 
to date for all the ·cell-free systems is the artificial reductant, 
di thi9nite (5, 6, 16, Jl). The natural electro.n donor and the 
electron pathway were subsequently· studied in some bacteria. Most 
·extensively studied were the strict anaerobe £. pasteurianum and the 
strict aerobe !._. vinelandii. · Several intermediary metabolites, such 
as pyruvate, OC-ketobutyrate (9), formate and malate (34) have been 
f ound to function well as reductants for the nitrogenase of £. �­
teurianum while none of these  or other natural substrate s are effec­
tive with extracts of!· vinelandii (20). Thus, the survey of the 
natural electron -donor in nitrogen fixatiqn by the facultative 
bacterium K· pneurnoniae may cast light on the mystery of the mechan­
ism of nitrogen fixation by these bacteria. The object of the 




Nitrogen fixation by free-living microorganisms was first found 
by Winogradsky early in 1893 (52). He demonstrated the nitrogen 
fixing ability of Clostridium by growing the organism in a nitrogen­
free medium. In 1902, Beijerinck and van Delden (2) described another 
N2
-fixing bacterium, Azotobacter. Their observation was confirmed by 
Fischer (12). Beijerinck and.van Delden (2) noted also a group of 
photoautotrophic organisms which belong to the class nyxophyceae and 
were able to grow in a medium with limited nitrogen. Nitrogen fixing 
ability of these blue-green algae was confirmed subsequently by 
Drewes in 1928 and by Fogg in 1942 (in Thimann, 48). Gest et al. 
(14), with the use of 
l5
N , was able to . prove that Rhodospirillum 
rubrum was another nitrogen fixer. With the rapidly increasing 
interest in nitrogen fixation, other heterotrophic nitrogen-fixing 
microorganisms were found. Bacillus polymyxa was discovered by Hine 
and Wilson (21), Achromobacter sp. N4-B (now Klebsiella sp. N4-B) by 
Jensen (25) and Aerobacter aerogenes M5al (now Klebsiella pneumoniae 
M5al) by Hamilton and Wilson in 1955 (l?). 
There are striking similarities among these organisms in thei r 
nitrogen fixing ability along with much diversity in their physio­
logical traits. Klebsiella pneurooniae M5al, being a facultative 
anaerobic bacterium has been used in this laboratory to study the 
mechanism of nitrogen fixation. 
Review of Studies £g Jitrogen Fixation � 
Klebsiella pneumoniae (Aerobacter aerogenes) 
4 
Klebsiella pneumoniae (Aerobacter aerogenes), when supplied with 
a fixed form of nitrogen, grows abundantly in the presence of oxygen 
and fixes a very small amount of molecular nitrogen. It fixes nitro-
gen gas abundantly only under an anaerobic condition in a nitrogen-
free medium. Its nitrogen fixing ability was first observed by 
Skinner in 1928 (47). It was then referred to as "Bacterium 
aerogenes." Skinner's work was not n�ticed until almost a quarter 
of cent�ry- later. In 1952 Newton (39) by the use of isotopic 
nitrogen, confirmed Skinner's earlier observation. Three years 
later, Hamilton and Wilson (17) reported nitrogen fixation by 
several strains of Aerobacter aerogenes. They grew the organisms 
anaerobically in a well-buffered medium. The amount of nitrogen 
fixed was sufficient to be measured by the less sensitive semi-
micro Kjeldahl method of Wilson and Knight (51). Since a minute 
·amount of fixed nitrogen must be added to the well-buffered medium 
to initiate nitrogen fixation, Hamilton and Wilson (17) postulated 
that the nitrogenase system in A .  aerogenes might be adaptive in 
nature. 
-
Jensen (24) reported that several strains of A. aerogenes, 
which he isolated from water, were nitrogen fixers. He remarked 
that yeast extract had to be present in the medium for fixation to 
occur. This suggested that yeast extract must provide some growth 
factor(s) essential for nitrogen fixation. 
5 
Pengra and Wilson (44) concentrated on one strain A. aerogenes 
M5al and made a study of the physiology of nitrogen fixation. They 
derived the growth medium from the one devised by Monod and Wollman 
(33). They were able tc show the nitrogenase in this organism to be 
inducible, with an induction time of about 15 hours. They also 
demonstrated that oxygen and hydrG5en inhibited nitrogen fixation 
and that the inhibition by hydrogen was competitive. In addition, 
they studied the mineral requirement (45) for nitrogen fixation by 
A. aerogenes M)al. They concluded that iron and molybdenum were 
required for fixation but calcium was not require1. Yoch and Pengra 
(55) found that magnesium is required in the metabolism of the 
.organism, but not for nitrogen fixation. 
Patil (41) and Patil, Pengra and Yoch (42) noted that casein 
hydrolysate stimulated the induction of nitrogenase of A. aerogenes • 
. Lindsay (29) observed that certain amino acids shortened the induction 
time of the nitrogenase of this organism. Yoch and Pengra (56) proved 
that-it was the amino acids provided by casein hydrolysate that actually 
stimulated the formation of nitrogenase. Lindsay (29); in addition, 
found the.optimum conditions f�r nitrogen fixation by whole cells of A. 
aerogenes using pyruvate as substrate. However, he was not able to 
obtain an active cell-free extract of this organism by autolysis of 
dry cells, by lyzozyme disintegration or by sonic disruption. 
This organism was referred to as Aerobacter aerogenes until its 
taxonomic position was clarified by Mahl et ·al. (JO) in 1965.. Members 
of the tribe klebsielleae were· compared for their nitrogen fixing 
6 
ability and their serotypes and it was concluded that Aerobacter 
aerogenes M5al is more correctly classified as Klebsiella pneumoniae 
M5al. Since then, this organism has been referred to as !· pneumoniae 
and will be called this name in this thesis. Mahl and Wilson (31) 
succeeded in obtaining a reproducible cell-free nitrogen fixing extract 
from K. oneumoniae and hence have· opened the way for an extensive study 
of nitrogen Iixation by this organism. 
Todd (49) reported that acetylene was a competitive inhibitor of 
nitrogen fixation by cells and cell-free extracts of [. pneumoniae M5al. 
He stated that in the cell-free system 0.005 of an atmosphere of acety­
lene would cause 50 percent inhibition of nitrogen fixation and 0.01 
atmospheres of acetylene complete inhibition. He also demonstrated 
that there was no assimilation of l,2-
14
c acetylene by nitrogen fixing 
cells of !· pneumoniae. 
Kelly (27) purified K· pneumoniae nitrogenase into two protein 
components and did some cross reactions, exchanging the complementary 
components of K_. pneumoniae with the purified nitrogenase from Bacillus 
polymyxa and from Azotobacter chroococcum. Jeanne et al. (23) showed 
that a functioning heterologous cross of nitrogenase components could· 
be obtained between K· pneumonias and �· polyrnyxa but not between K• 
pneumoniae and the obligate anaerobe Clostridiurn pasteurianum. 
Assay Methods for Nitrogen Fixation 
Nitrogen fixation in the era of whole cells was measured by 
micro-Kjeldahl methods. The limitation of this initial method was 
7 
removed by the development of an isotopic tracer method (8) using 
l5
N as the tracer. This tracer method is relatively independent of 
the amount of initial nitrogen present and of the sampling. It has 
been used extensively in determining nitrogen fixation in both whole 
cells and cell-free extracts. However, the l5N method has the dis-
advantages of being expensive and time consuming. Another nitrogen 
isotope, l3N, was used by some (40) as a tracer. The short half 
life (10.05 minutes) of 12N along with the expensive equipment in-
volved render this method impractical in spite of its extreme sensi-
tivity. 
Mortenson (35) in 1961 developed a titrimetric assay for cell-
free nitrogen fixation utilizing the Conway microdiffusion technique. 
This method is rapid. The assay can be done in one hour after com-
pletion of the incubation. However, it is not a sensitive method. 
Mortenson (37) has developed another method especially for assaying 
nitrogen fixation by cell-free extracts of Clostridium pasteurianum 
when hydrogen is used as the electron donor. Ammonia synthesis is 
determined manometrically by gas (N2 and H2) uptake according to the 
equation N2+3H2----7 
2NH3• This assay can not be used with electron 
donors other than H2• 
In 1968, a sensitive, inexpensive and time saving method was 
developed by Hardy et al. (19). This method has since been used 
extensively in almost all the cell-free nitrogen fixing systems. 
The assay is based on the ability of nitrogenase to reduce acetylene 
to ethylene. Ethylene is detected with a hydrogen flame detector 
8 
after separation by gas chromatography. The as say has a very low 
background corre ction for ethylene and is specific for ethylene . It 
is  als o very s ensitive , a s  low as  10-l
2' 
moles of ethylene can be 
detected . It is as  rapid as  the Conway microdiffusion technique and 
is  not limited by unique equipment as  are the l5N or lJN methods . 
Therefore , this method was chosen to  as say the Ilitrogenase activity 
in this study . 
Energy and Reductant Reguirem ent For Nitrogen Fixation 
The very fir st contribution to the technical breakthrough on 
cell-free nitrogen fixation was the e stablishment of the require-
ments for nitrogen fixation. An energy source and an electron donor 
are indispensable  in addition to an active enzyme preparation. In 
the first reproducible cell-free  Pitrogen fixation experiment with 
Clostridiurn pasteurianum, these  requirements were furnished by either 
pyruvate or �ketobutyrate (9). It was obvious  that pyruvate or 
0(-ketobutyrate played a role a s  an electron donor for N2 reduction . 
However , an extremely high concentration of pyruvate or «-ketobutyrate 
(0 .1-0 . 15 M) was required and the electron transfer from donors to 
nitrogen was inefficient CJ-6 percent) (18 ) . In £. pasteurianum , 
pyruvate was known to be metabolized by the phosphoroclastic reaction 
(53 )  t9 yield acetyl ph osphate and ATP as well as  electrons in the 
form of H2• Grau and Wilson (15, 16), McNary and Burris (32) and 
Mortenson, Valentine.and Carnahan (38)  simultane ously demonstrated 
an inhibitio� of nitrogen f:bcation by arsenate. From their s tudies, 
9 
the se workers sugge sted that high energy phosphate might be required 
for nitr ogen fixation although there was an earlier report (9) that 
ATP or a cetyl phosphate inhibited rather than stimulated nitroge� 
fixati on when it wa s adced to the £. pasteurianum extracts supple­
mented with optimum pyruvate. 
In 1964, two laboratories (l8 , 37) simultane ously demonstrated 
that ATP wa s needed a s  an energy source for nitrogen fixation by C. 
pa steurianum and that the high pyi:-uvate demand was due to high energy 
requirement of the nitrogen fixing system. Both groups employed an 
ATP-generator to eliminate the inhibitory effect of the substrate 
levels of ATP on nitrogen fixation. Mortens on (37) used a cetyl 
.phos phate as the energy source and H2 as  the ele ctron donor to replace 
pyruvate. Hardy and D'Eusta chio (11, 18) us ed creatine phosphate plus 
phosphocreatine kinase and potas sium borohydride (KBH4) .  With both 
ATP-generators f erredoxin was an indi spensable intermediary ele ctron 
carrier. 
The energy-reductant system was extended to other cell-free 
extracts e.g., Azotobacter vinelandii (4) ,  Rhodospirilium rubrum 
(7), Klebsiella pneumoniae (50), Bacillus polymyxa (20) ,. and 
Azotobacter chroococ cum (26). Clostridial hydrogenase and ferre­
doxin was frequently coupled into these systems (except ,li. rubrum) 
to generate r educing power until the complexity of the system was 
reduced by the introduction of a powerful artifi cial r�ductant, 
dithionite by Bulen , Burns and LeComte (5). 
10 
Studies On Endogenous Reductants and Natural Electron Donors 
The obligate anaerobe Clostridium pasteurianum was used most 
extensively to study the mechanism of nitrogen fixation. In this· 
organism, a prot�in of very- low redox potential called f erredoxin was 
found to function in transferring electrons from pyruvate or H2 t o  
nitrogenase (11, 36, 37) . Other natural electron donors, 0(-keto­
butyrate, formate and malate were known to function in the clostridial 
cell-free system and requi
.
red ferredoxin to transfer the elect�ons 
(34). Later, an inducible flavoprotein called flavodoxin was is�lated 
from extracts of£. pasteurianum by Knight, D'Eustachio and Hardy (28) • . 
This flavodoxin was induced by growing the cells in an iron-deficient 
medium and functioned in place of ferredoxin in nitrogen fixation. 
In another nitrogen fixing bacterium, the obligate aerobe 
Azotobacter vinelandii, none of the natural substrates, so far, are 
known to serve as electron donors in the cell-free system. The only 
natural reducing power for cell-free nitrogen fixation by h_. vine­
landii was generated by illuminated spinach chloroplas� (36). The 
identity of the endogenous reductant remained unknown until the 
isolation of azotoflavin by Benemann et al. (J) in 1969, which linked 
the .reducing power generated by illuminated spinach chloroplas.ts to 
the azotobacter nitrogen-fixing enzyme complex. Soon after the 
isolation of azotoflavin, a new type of f erredoxin in !• vinelandii 
cells was discovered_by_Yoch et al. (.54). This new type of ferre­
doxin also mediates the electron transfer between illuminated 
chloroplasts and the azotobacter nitrogenase system. Although each 
I 
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of these two electron carriers su�ported N2 fixation independently 
of the other, azotobacter-type ferredoxin was much more efficient, 
its specific activity being 6 times higher than that of azotoflavin. 
The third group of free-living nitroge.n fixing bacteria are the 
facultative anaerobes, represented by Bacillus polymyxa strain Hine 
and Klebsiella nneumoniae strain M5al. Much virgin territory of 
nitrogen fixation in this group of cells remains uninvestigated. 
Little is known about the endogenous electron carrier(s) for N2 
reduction in either organism. The electron donors native to the 
cells of li· polymyxa were found to be pyruvate (13 , 14 , 16 ) and 
formate (lJ). Pyruvate was found to be as effective as dithionite 
as the electron donor and formate was one-third as effective. 
Pyruvate when employed as a source of both energy and electrons, 
supported an activity of one-fourth of that when used only as an 
electron source. Parejko (4J) attempted cell-free N2 fixation by 
extracts of K. pneumoniae supplemented with pyruvate, form.ate or 
glucose as electron donors. He stated "In none of these experiments 
was nitrogenase activity detected in the absence of dithionite." 
Yoch and Valentine (57) have obtained unpublished data on pyruvate 
and formate-driven nitrogenase activity by cell-free extracts of K. 
pneumonias. It was the purpose of my study to investigate whether 
the electrons from pyruvate or formate are carried over to the 
nitrogenase of K. pneumoniae through the same pathway. 
MATERIALS AND METHODS 
Organism 
Klebsiella pneurnoniae strain M5al was employed in this study. 
The organism was isolated by Dr. Elizabeth McCoy of the Department 
of Bacteriology, University of Wisconsin, from a 2,J-butanediol 
fermentation. It was Known as Aerobacter aerogenes strain M5al. 
12 
Hamilton and W�ls.on (17) characterized this organism and its kin 
strains in 1955. The physiology- of K .  pneumoniae M5al (!. aerogenes 
M5al) was studied by Pengra and Wilson (44). This organism has 
since been used by many workers in the study of the mechanism of 
nitrogen fixation (23, 27, 29, JO, Jl, 41., 42, 43, 44, 45, 49, 54, 
55, 56). 
The taxonomic position of this organism had been the subject 
of controversy for nearly a decade. It was finally clarified by 
Mahl et al. (JO) and the name of the organism was redesignated 
Klebsiella pneumoniae M5al. 
The culture was maintained on nutrient agar slants and kept at 
5 c. The stock cultures were transferred monthly. The culture was 
checked periodically for its purity and physiological traits. 
Medium 
The medium used in the growth studies was originally that of 
Pengra and Wilson (44). A physiological concentration of sodium 
chloride was added to the medium by Patil (41) to prevent cell 
clumping. 
lJ 
Yoch and Pengra (56) reported that certain amino acids , present 
in small quantities in the medium, stimulated the induction of nitr o-
genase and shortened the pre-fixation lag or eliminated the lag when 
an active· nitrogen-fixing inoculum was used ._ To save time, a limited 
amount of aspartic acid (10 pg of N/ml of medium) was added t o  all the 
growth media in this study. 
Valentine (57) found that the precipitation that occasionally 
occurred in the medium during autoclaving was due to the presence of 
the salt, magnesium sulfate. He prepared the magnesium sulfate 
solution separately from the balance of the medium and combined these 
solutions after autoclaving. 
During this study, it was found that when the c onductivity of the 
distilled or deionized water used to make the medium exceeded l ppm 
NaCl equivalent as read from a Crystalab conductivity _meter, the 
organism failed to grow. 
The following formula was finally adopted: 
Na2HP04 6.25 g 
KH2Po4 0.75 g 
Mgso4·?H20 0.2 g 
NaCl 8.5 g 
Sucrose 15 g 
Fe-Mo s olution (51) 1.0 ml 
Aspartic acid 0 . 1 g 
Distilled water 
( conductivity 1 ppm) 1000 ml 
2£1140 
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The above medium was divided into ten 500-ml flasks and auto­
claved at 121 C for 15 minutes. These flasks of the medium were 
used to grow the inoculum. 
For growing mass cultures, a concentrated magnesium sulfate 
solution'(20%) was prepared and autoclaved separately from the balance 
of the medium and added to it just before use (1 ml of magnesium 
sulfate solution/l 1 of medium) . 
Growth of Celis and Preparation of Cell-Free Extracts 
The procedures for building up a sufficient amount of cell mass 
for enzyme study we re essentially those·of Pengra and Wilson (44). 
Stock cultures of Klebsiella pneumoniae were carried on nutrient agar 
slants from which transfers· were made to  100 ml amounts of growth 
medium in 500-ml flasks. Four such flasks were usually inoculated 
to grow an inoculum for a 12-L mass culture. After inoculation, 
these flasks were evacuated with a vacuum pump to about 0.10 atmos­
phere of pressure and refilled with high purity nitrogen three times 
and after the fourth evacuation, a pressure of 0.9 atm. of nitrogen 
was supplied. The O. l atm. negative pressure remained to be replaced 
by fermentation gases. The flasks were then placed on a New Brunswick 
Model VS rotary shaker and incubated at JO C .  The speed of the shaker 
was set at 3 (about 190 rpm) . Twenty hours later , in its exponential 
phase of growth, the 400-ml inoculum was transferred to 12-L of 
medium in a carboy equipped with a three hole rubber stopper which 
held a gas inlet tube ending in a sintered glass sparger, a gas outlet 
....__ 
1.5 
tube and a tube for sampling the culture. High purity tank nitrogen 
was bubbled vigorously through the medium for a few minutes prior to 
inoculation and slowly bubbled through the culture after inoculation. 
Growth was followed turhidimetrically using a Bausch and Lomb Spec­
tronic 20  spectrophotometer at pOO nm. 
Mass cultures were us�ally hJrvested at 19-2 0 hours after 
inoculation, at an opt�cal density ranging from 0.398 to 0.523. 
The Szent-Gyorgyi and Blum continuous flow attachment for the SS-34 
Serv�ll centrifuge was utilized to harvest the cells. It was found 
that the temperature and time involved in harves·�-ing the cultures 
were crucial in obtaining an active cell-free enzyme extract. Har­
vesting was performed in a .5 C cold room and the cells were centri­
fuged at the highest flow rate allowable without excessive loss of 
cells, usually 90 minutes for 12-1 culture. At this speed, about 12 
grams of cells were obtained. Nitrogen gas was continuously bubbled 
through the culture during centrifugations. The cell pellets in the 
centrifuge tubes were immediately placed in the larger cylinder of a 
Hughes press which had been put in a -60 C freezer overnight and on 
dry ice for 1.5 minutes prior use. A piston was placed on top of the 
cell mass. The frozen cells were then forced through the press with 
a Denbigh fly press (2 2 ). The halves of the press were separated 
and the frozen material was extracted with 7 ml of deoxygenated 
(helium-saturated) distilled water plus 2 ml of a 4.4 mg/L solution 
of deoxyribonuclease�I .(EC J.l.4.5) in a serum stoppered fla�k • 
. After the viscous DNA was made . fluid by the deoxyribonuclease, the 
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remaining cell debris and whole cells were removed by centrifugation 
at )0,000 xg for 20 minutes using a Becfan.an Model L Ultracentrifuge 
equipped with a Type 50 rotor. The temperature during centrifugation 
was 2 C. The clear, da�k brown supernatant was decanted into a 
helium-filled serum bottle, and the atmosphere of helium was renewed 
in the bottle. This fluid was designated as crude extract in this 
study. It can be kept on ice before use, or stored at -10 C for 
later assays. It is important to keep all the manipulations under 
helium after the removal of the broken cells from the Hughes press. 
Otherwise, either an inactivation of oxygen-senE�tive·enzymes.by air 
or an interference of the acetylene reduction assay by nitrogen will 
occur. 
For sedimentation study of the enzymes involved in nitrogen 
fixation, the crude ext�act was ultracentrifuged at 144,000 xg for 
60 minutes at 2C. The clear supernatant, turning brown gradually 
from the colorless top toward the dark brown bottom, was decanted 
into a serum bottle and designated as S • When this supernatant 0 
was separated into 2 parts, the upper light-colored half was care-
fully pipetted into a helium-filled serum bottle and was diluted to 
keep the original concentration of its components by adding an equal 
volume of helium-saturated distilled water and given the designation 
s1• The bottom half was given the same treatment and named s2• The 
pellet was picked up by a glass rod whose tip had been wrapped in 
cotton. The pellet was then suspended in the same volume of helium-
purged distilled water as the volume of the crude extract that was 
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in the centrifuge tube. The suspension-s oaked c otton tip was wrung 
dry against the wall of the container . This suspension was called P .  
Reagents 
Biuret reagent (Clark, 1964) (10) 
In a 1-liter volumetric flask, 1.50 grams of Cuso4•5H20 and 6 
grams of sodium potas sium tartrate (NaKC4H4oc4H20) were diss olved 
in 500 ml distilled water. With constant swirling , JOO ml of freshly 
made 10% s odium hydroxide was added to  the flask .  This was  brought 
t o  a total volume of one liter with distilled·water and was stored 
in a polyethylene bottle at 4 C. 
·HEPES buffer (57) 
A stock s olution of 1 M BEPES buffer was made  by diss olving 
11.7 grams of HEPES (N-2-hydrox:yethylpip erazine-N ' -2-ethanesulfonic 
acid, m .  wt. 234) in 50 ml of distilled water . The pH of one half 
of the solution was adjusted to 7.4 with JN NaOH. The other half· 
was adjusted t o  pH 7.6 and b oth were stor ed in polyethylene bottle s  
at room temp erature . 
Magnesium Chloride s olution 
A stock s olution of 0.1 M magnesium chloride was made by 
dis s olving 2 . 0JJ grams of MgC12·6H2o in 100 ml of water and stored 
in polyethylene.bottles at r oom temperature . 
I I ·- -· ------- -· -·----· . - -- - -· -- --:·'-"'-� �-;;_::r:r.£'.:-.,,,...:::�:;:r.:=:::::-.::::::;-: :;ii�: �:r.:r.mmz.;m!;�� =-�,;_:fi.�-�,,-�1 .. ��1-;:·tl-=��jl[I 
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ATP-generator 
One and one-fourths ml of 1 M HEPES buffer (pH 7.6) and 1. 25 ml 
of the O.l M MgC12 solution were added to 2.5 ml of distilled water 
in a serum bottle capped with a serum stopper. To this solution, an 
appropriate amount of ATP, phosphocreatine and creatine phosphokinase 
(ATP:creatine phosphotransferase, FS 2.7.3. 2) were added to give an 
ATP-generator which contained 4 ).lmoles of ATP, 40 µmoles of phos-
phocreatine and 0. 05 mg of creatine phosphokinase in 0. 2 ml. Before 
u�ing, the bottle was evacuated and flushed with helium three times 
and after the 4th evacuation, an atmosphere of helium was left in it. 
It could be stored at -10 C for a week without affecting its role in 
supporting the nitrogenase activity. 
Reductants 
Dithionite An active 100 mM dithionite solution was prepared 
freshly on the day of use by the following procedure. Three-tenths 
of a ml of l.N NaOH was added to 9.7 ml of distilled water in a 
small flask filled with helium, then 174 mg of sodium l;iydrosulf'ite 
(Na2s2o4) was added quickly to the flask and it was recapped and 
reevacuated and refilled with an atmosphere of helium. The flask 
was kept on ice until used. 
Pyruvate A stock solution of 1 M sodium pyruvate was made by 
dissolving 1.1 grams of sodium pyruvate in 10 ml of distilled water. 
The pH of the soluti9n was adjusted to 7. 0 by adding 8 drops of 1 
M HEPES buff�r (pH 7.4). The solution was divided into ten test tubes 
and st.ored at -10 C. 
Formate A stock solution of 1 M sodium formate was made by 
dissolving 1.36 grams of sodium formate in 20 ml distilled water. 
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The pH was adjusted to 7.0 with l M HEPES buffer. The solution was 
stored at -10 C. 
Glucose-6-Phosphate· A 1-ml solution of glucose-6-phosphate was 
made daily according to the following formula: 
Glucose-6-phosphate 
MgC12-6H2
o (O.l M solution) 










NADPH2-generator (57) One ml of NADPH2-generator was freshly 
prepared in a test tube capped with a foldback serum stopper. The 
content was as follows: 
Glucose-6-phosphate 200 ,umoles 56.4 mg 
NADP (Nicotinam.ide Adenine 
Dinucleotide Phosphate) 10 pm.oles 8.4 mg 
HEPES buff er (1 M, pH 7.6) 200 µmoles 0.2 ml 
MgC12
.6H20 (0.1.M) 20 µmoles 0.2 ml 
Glucose-6-phosphate 
_ dehydrogenase (l mg/ml) 100 µg 0.1 ml 
Distilled water 0.5 ml 
The test tube was evacuated and refilled with helium. The solution 
was stored on ice until used. 
NADP One ml of NADP solution was made freshly in a stoppered 
tube as follows: 
NADP 
MgC12·6H20 (O.l _M) 
HEPES buffer (1 M, pH 7 .6) 
Distilled water 








The tube was evacuated and refilled with helium and stored on ice 
before use. 
Gases 
The gases, nitrogen, helium and acetylene used in this study 
were supplied, at the highest purity available, c�r Tri-State Welding 
Supply Co., Watertown, South Dakota. Ethylene (99.5% purity) was 
purchased from the Matheson Scientific Co. For convenience, acety-
lene and ethylene were made available in two gas reservoirs. A 
picture of the gas reservoir is shown in Fig. 1. A 10% sodium sulfate 
solution served as the replacing liquid. Gas can be obtained from 
the serum stopper with a wetted hypodermic syringe. 
Protein Determination 
The biuret assay of Clark (10) was employed as the method to 
determine the amount of protein present in a cell-free extract. In 
18-mm colorimetric tubes, 2 ml samples were prepared so tha t the 
approximate amount of protein would fall into the measurable range . 
Two ml of water served as a blank • . Eight ml of biuret reagent was 
added to each tube. -Thirty minutes was allowed for color develop­
-< ment and the �amples were read in a Bausch and Lomb Spectronic 20 
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Figure 1. Gas reservoir for acetylene or ethylene. 
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s pe ctrophotometer at 550 nm .  The protein value s were then c onve rted 
from a standard curve (Fi g .  2 )  prepared from bovine albumin. 
As say f or Acetylene Reduction :Qy_ Nitrogenas a  
The crude extract o r  s edimentary fractions prepared as de s cribed 
above were a s sayed for their nitrogenase activity by using the sensi-
tive a cetylene reducti nn method . �he pr ocedure s  are as f ollowing : 
a .  
b .  
c .  
d .  
e .  
f .  
g .  
h .  
T o  a s et of 5-ml Fernbach fla sks , an appropriate amount of 
di stilled water was  pipetted into each flask so that the 
final liquid volume wa s 1.5 ml .  
One-tenth of a ml of lM pyruvate , lM f ormate , gluco s e -6 -
phos phate or NADP s oluti ons were added t o  the appropriate 
reacti on flasks . 
The fla sks were stoppered with foldback serum stopper s ,  
eva cuated and flushed with helium three times and after 
the 4th evacuati on ,  an atmosphere of helium was let in. 
Two-tenths of a ml of dithionite or 0.1 ml of N.ADP was 
inj e cted into the appropriate rea ction flasks with a 
hypodermi c syringe . 
An appropriate amount1 of cell-free extra ct wa s injected 
into each flask with a hypodermi c syringe f ollowed by 
o .45 ml of a cetylene .  
Two-tenths ml of ATP-generator wa s added t o  each flask 
and e a ch fla sk wa s immediately degas sed by inserting a 
wetted needle int o  the serum stopper . 
As s oon a s  the flask w a s  dega ssed it wa s put on a New 
Brunswick waterbath r otary shaker and incubated at 32 C 
for 30 minutes . The speed of the shaker wa s s et at 
108 rpm. 
Timing started as s oon as the ATP-generator wa s added.  
For the study of time cours e ,  samples f or gas chromato­
graphic analysis were taken from dupli cate reaction 
flask s  every five minutes .  
1The amount will be indicated along with the results . 
C!J 
c.> 
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Figure 2. Standard · curve for biuret pr otein determination . Bovine 
albumin was us ed as  the standard . 
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A flask deprived of any form of exogenous reductant served as control. 
At the end of the incubation period 0 . 1  ml of 25% trichloroacetic acid 
was injected into each flask to stop .the reaction. The ethylene pro­
duced in each flask was assayed by the gas chromatographic method 
described below . · 
Gas Chr omatographic Assay for Ethylene Pr oduction 
A Varian Aerograph Model 1520B gas chromatograph equipped with 
dual hydrogen-flame ionization detectors and a Sargent-Welch Recorder 
S-7218 0-26 was utilized to measure the ethylene produced from acety­
lene. The conditions employed in the chromatography were as follows. 
An aluminum column was made by packing a 6 ft length, 1/8 inch 
diameter aluminum metal tubing with 60  to 80 mesh activated alumina . 
Nitrogen was the carrier gas and its flow rate was adjusted so  that 
every minute 20-25 ml of gas passed through the column. The tempera­
ture of the column was maintained at 150 C .  The recorder paper pro­
ceeded at a speed of 0 . 5  inch per minute. A sample of 200 µl from 
each reaction flask was inj ected into the chromatographic column. 
The ethylene and acetylene peaks were identified by comparison of 
. the retention times of those of known standard samples of gases. 
Under the experimental conditions of this study , the retention time 
of ethylene was 0.4 minutes and acetylene 1 minute. The quantities 
of ethylene formed were determined from a standard curve for a set 
of samples of known amounts of ethylene. Since the sensitivity 0£ 
the · chromatograph toward the gases varied from day to day , every 
25 
assay was accompanied with a standard curve. A representative of 
such curves is shown in Fig. J .  -12 As little as 10 moles of 
ethylene can be detected per injected sample of 200 pl under the 
conditions of the experiment. 
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Protein Level 
. The rate of acetylene reducti on did not follow a linear relation-
ship with incre a sing amount of protein, but rather showed a curve 
having a sigmoidal s hape . Thi s  is true with all three ele ctron 
donor s ; dithi onite , pyi-uvate and f ormate ( Fig.  4 ,  Fig .  5 ) .  The pr o-
tein concentrations f or optimwn reaction using pyruvate and f orm.ate 
as electron donor s fell in a rather narr ow range ; 9-12 mg protein per 
reaction flask f or pyruvate and 10 -14 mg for f orm.ate . With dithi onite 
as the reductant , 1-9 mg of protein would support an a ctive reaction. 
Exce s s ive protein inhibited a cetylene reduction. Subsequent experi-
ments were run with pre-determined amounts of extra ct in order to 
provide an optimum protein level for each ele ctron donor ; about 1-2 
mg of protein f or dithionite , 11-12 mg for pyruvate and formate . 
Gluc ose-6-phosphate as  an electron donor in this study , had once 
been shown to support an a ctivity of 9 0  nmoles of ethylene f ormati on 
per mg of protein per JO minute s  at a protein level of _ lQ mg per 
reaction flask . Thi s  a ctivity i s  comparable to that of pyruvate and 
formate (Table 1 ) . However , I was not able to reproduce this a ctivity 
at thi s protein level , nor at any other level of protein concentrati on. 
In 8 experiments done in Brooking s  with "NADPH2-generator minus G-6-P 
dehydrogenase" only once was an a ctivity obtai·ned_. In this experiment 
1certain r e sults des cribed in this s e ction were the work I did 
in Dr . Yoch' s laboratory at the University of California , Berkeley, 
























c 1 0 00 
o Umm��:,;_ ....... __ -1.L.--------------�--�T��----- -----------ni� 
2 3 4 5 6 7 8 
Cru de  Ex tr a ct ( m g o f  p r o t e i n  I f l a s k ) 
Figur e  4. E.ff e ct of protein c oncentration on a cetylene reduction by 
nitr ogena s e  pr eparati on of Kleb siella pneunionia e  using 
dithi onite a s  the ele ctron donor . 
9 
29 
1 0 0 0  x - P y r u v a t e  
.::it:,. Fo r m a t e C/J 
c 9 0 0  
-..... 
' 
c 8 0 0  
E 
0 7 0 0  
r<> 
' 
-0 6 0 0 
Q) 
E 
'"'- 5 0 0 0 
-..... 
v 4 0 0  ::r: 
C\I 
u 
-..... 3 0 0  
0 
C/J 
2 0 0 <l> -
0 
E 
c: 1 0 0 
oL · �v - . ' . I �� 2 4 6 8 i O  1 2  1 4  1 6  
C r u d e  E x t r a c t  ( m g  o f  p r o t e i n  ( f I a· s k ) 
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I obtained an a ctivity of 15 . 8  nmoles c2H4 formed/mg of protein/JO 
min . This is about only 22% of the activity obtained in Berkeley. 







Acetylene reduction by a cell-free extract of Klebsiella 
pneumoniae supported by various electron donorsa 
Activity 





7 . 6  
a The comparis on of the activitie s supported with different reduc­
tants are made within the same cell-free extract . 
Using NADPH2-generator a s  electron donor , nitrogenase from Klebsiella 
pneumoniae did not reduce acetylene in this laboratory .  Activities 
·c omparable to those using pyruvate and formate had been obtained 
while working in the Berkeley laboratory (Table 2) .  
Table 2 . Acetylene reduction by nitrogena se of Klebsiella pneumoniae 






( nmoles of c2H4 formed/mg of protein/JO min) 
Berkeley 
45 .5 
46 . J  
Brookings 
1 . 04 . 
1 . 28 
a Protein concentration in all experiments in this table was about 
15 mg per each reaction flask . 
Time Course 
The rate of acetylene reduction with dithionite as  the reduc -
tant was linear with time for about 30 :minutes . With pyruvate and 
formate as electron donurs ,  the linear relationship between the rate 
of a cetylene reduction and time only persisted for about 10 and 6 
minutes , respectively, and the reaction stopped after these time 
periods (Fig. 6 ) . 
Determination of the Proper Concentr ati on of Dithionite , 
Pyruvate and Formate for Optimum A cetylene Reduction 
Dithionite at a concentr ation of 20 p.moles per reaction flask 
gave the best ethylene pr oducti on (Fig. 7) . Pyruvate and formate, 
50-150 µmoles were the optimum range in which maximum ethylene 
formation could be obtained (Fig. 8) . 
Kinetic Study 
The rate of ethylene formation by dithionite-supported nitro-
genase of Klebsiella pneumoniae versus acetylene concentration 
foll-0wed the usual pattern of enzyme reactions ( rectangular hyper-
bela ) (Fig. 9) and a K of 0 . 022 atm of acetylene wa s calculated m 
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from the Lineweaver-Burk double reciprocal plot ( Fig. 10) . Supported 
by pyruvate and formate, the activity of nitr ogena se versus a cety-
lene concentrati on gave a curve s imilar to that of dithionite 
(Fig.  11) , but the points in the double reciprocal plot were s o  
scattered that K could not be obtained. As was shown by Figures m 
9 and 11, nitrogenase wa s saturated by acetylene at the range of 
32 
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Figure 8 .  · Effe ct of pyruvate and formate c oncentr ati on on a cetylene 
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Figure 11. Ethylene· formation from C2H2 as a function of pCzHz by 
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Effect of NADP on Acetylene Reduction with Dithionite , 
pyr:uv;te or. Formate � the Ele ctr;n Donor 
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Nicotinarnide adenine dinucleotide phosphate ( NADP) is  known to 
link with_ ferredoxin in the electron transport systems of all the 
organisms known to pos ses s  ferredoxin (54) . From the data of the 
five experiments shown in Table 3 it appears that NADP did not affect 
the electron transport system for nitrogen fixation as  noted by little 
or no · change in acetylene reduction by the nitrogenase of Klebsiella 
nneumoniae . Since the variations between duplicates  and between 
different cell extra cts were s omewhat large in all the experiments 
during this study , a difference between activities  below 50% w ould 
be considered only as  experimental deviation and comparison c ould be 
allowed only within the s ame extract . 







Effe ct of NADP on acetylene reduction with dithionite 
as the ele ctron donor . 
Activity 
( nm.oles of c2H4 formed/mg of protein/30 min) 











Table Jb . Effe ct of NADP on acetylene reduction with pyruvate 
as the ele ctr on donor 
Activity 
(nmole s of c2H4 formed/mg of protein/JO min) 

















Table Jc . Effe ct of NADP on a cetylene reducti on with formate 
as the ele ctr on donor 
Activity 
(nmoles ·of c2H4 formed/mg of protein/JO min) 
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Sedimentati on Study of the Cell-Free 
Extra ct � Klebsiella pneumoniae 
39 
4 
6 . 2 
9 . 8 
72 
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Ultracentrifugation of the crude extract at 144 , 000 xg showed · 
that the nitr ogen a ctivating system almost exclusively re s ides in 
the soluble fraction ( S  ) of the crude extract .  The ele ctron trans-. 0 
port system( s )  f or pyruvate and/ or formate appeared als o present 
only in the s oluble fra ction �ince the particulate f raction ( P) did 
40 
not seem to enhance the nitr ogenase  a ctivity when recombined with 
the s oluble fra ction (Table 4) . The s oluble fraction (S  ) was sub-. . 0 
s equently s eparated into two parts as  de s cribed in materials and 
Table 4. Acetylene reduction by sedimentary fra ctions of the cell­
free extract of Kleb si ella pneumoniae with the different 
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1599 
47 . 6  
43 
0 . 24 
methods , one part called s1 , the other s2 • Equal amounts of the s e  
fractions were pr ovided i n  e a ch rea ction fla sk t o  insure the pres ence 
of a representative portion equivalent to that in the crude extract . 
Assay re sults are shown in Table 5. Activities in Table 5 are expr e s s ed 
in rim.ole s of ethylene formed per fla sk per JO min. In thi s particular 
experiment , a ctivitie s  between fractions should be compared , in my 
opinion, on the basis of equal volumes of each fraction a s sayed,  not on 
the basis  of units of protein. Thus , one may expe ct to see the true r ole 
of each fra ction. As shown in Table 5 , dithionite-driven a ctivity was 
pre sent in both s1 and s2 and seemed more concentrated in s2• It is  
apparent that nitrogena se wa s di stributed throughout the whole s oluble 
fraction ( s1 , s2) . Although P alone did not support arry activity, it 
did seem to e�nce the activj,ty when it wa s recombined with s1 and s2 • · 
· Table 5 .  Acetylene reduction by sedimentary fra ctions of the 
cell-free extract of Klebsiella pneumoniae with the 
different ele ctr on donor s (II) 
Activity 
( nm.ole s of c2H4 formed/fl.ask/JO min) 
Reductant Crude · s1 s2 p Sl
+S2 s1
+P s2+P s1+s2+P Extra ct 
Dithionite 3128 :..103 1496 o.o 2790 1620 2385 2981 
Pyruvate 518 o.o 270 o.o 490 o.o 292 o. o 
Formate 441 o.o o. o o.o llJ o.o 9 .5 o . o  
None o.o  
One explanation may b e  that s ome a ctive components from the super-
natant were ab s orbed in the pellet and c ould not be washed out . 
With pyruvate , s1 alone did not support nigrogen fixation but 
increa sed s2 a ctivity almost twofold. It appeared that certain 
components involved in electron transport from pyruvate were 
-
completely or partially absent from s1 and nitro genase  a ctivity 
41 
wa s hindered due to thi s abs ence . With formate , the interpretation 
that the electron transport system for formate i s  s eparated into 
s1 and s2 is pos sible . However , the pos sibility that laboratory 
a c cidents are re sponsible f or the inactivity of s1 and s2 can not 
be ruled out. 
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The Eff e ct of Stora �e of Crude Extr a ct s  � Acetylene Reduction 
Suuuorted 2Y Dithi onite , Pyruvate .£!. Formate � E e ctron .Donors 
The · crude extracts were used on the day of preparation and 
stored at -10 C without interruption for variou� iengths of time . · 
At the end of e a qh s t orage period , nitrogena·se activity was assayed 
by acetylene reduction . The percent decrea se of a ctivity versus 
time _is shown in Fig .  12. Upon storage f or two days a 15% decre a se 
in a ctivity was  noted , after 3 weeks storage a 50% loss in a ctivity, 
complete los s of a ctivity occurred after 5 to 6 weeks . 
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Figure 12 .  T!:e effect of stora ge ·of crude _ extra ct
" 
on a cetylene reduc­
tion by Klebsiell°a pneumoniae using the . three ele ctron 
donors .  
DIS CUSSION AND CONCLUSION 
Compa ri s on of Methods of Preparation in 
Re spe ct t o  Activity of Cell-Free Extracts 
It had been a puz zle for a long time that , no matter how ma?Ji 
pre cautions were taken to exclude oxygen and other enzyJile ina c tiva-
ting a gents during preparati on an� manipulati on of an extract a nd 
even when a _ s ensitive enzyme a s s ay wa s employed , a n  a ctive cell-free 
extra ct c ould not be obtained. It was finally found tha t the time 
and temperature during harve sting of the cells and the method of 
breaking the cells were the v ital factors in det0rmining whether an 
a ctive cell-free extra ct would be yielded . The cells harves te d  at 
_refri gerator temperature within a reas onably short time ( see 
Materials and Methods ) proved to be nece s sary for preparati on of an 
active cell-free extract . The advantage s of smashing the c ells in 
the Hughe s pre s s  ove r  bur sting the cells with the French pre s sure 
cell probably include two .fa ctors . The immediate freezing of cells 
in the Hughe s pre s s  promptly stopped the deteri orati on by s elf-
de structive enzYllle s  i n  the cells . An intere sting ob servati on made 
me b elieve that nucle i c  a cids played the other important r ole in 
the advantages of the sma shing method. The crucial dark brown 
c olor ob served with an a ctive extract wa s closely a s s ociated with 
the vi s cous nucleic a cid cluster . In a way , the nucleic a cid 
cluster seemed to protect the sensitive e nzyme s from ina ctivation 
by unfavorable envir onmental factor s . In thi s study, an " ac�ive 
cell-free extract" means e specially the extract that would give the 
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pyru�ate or f ormate-driven nitrogenase a ctivity.  The rea s on is that 
the conditions needed to obtain a cell-free extra ct active with 
dithionite as the reductant was not as critical a s  that with pyru-
vate and formate . In other words , the electron transport system( s )  
with pyruvate or · f ormate a s  substrates was more sensitive to 
unfavorable c onditions . 
C omuaris on of Acetylene Reduction 1?z. 
Nitrogenase  with Various Ele ctr on Donors 
The very small amount of pr otein required for a cetylene reduc-
tion by dithionite with cell-free extracts of !· pneumonias indicated 
that dithionite donated its electrons to nitrogenase  in a rather 
direct way.  An excessive amount of  protein tended to deprive the 
system of electrons and reduced the rate of acetylene reduction. 
Eightfold a s  much protein was needed for a cetylene reduction using 
pyruvate or formate a s  electr on donors .  In contrast , Clostridium. 
pasteurianum ( 37) needed only 1-2 mg of protein when pyruvate served 
as the source of ele ctrons and high energy phosphate . Pyruvate was 
never used by researchers as s olely an electron s ource for £. 
pasteurianum. It is evident that in K· pneumoniae either a c ompli-
cated enzyme system( s )  is involved in the transfer of ele ctrons 
from pyruvate or formate to  the nitrogen activating system or 
certain components required for the pyruvate or formate electron 
donating system must pre sent in high concentration to be functional . 
The activities  supported by pyruvate or formate , the common metabo-
lites in cells , were much lower than that supported by the 
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artificial reductant , dithionite . One may expect that in the intact 
cell wel�-controlled machinery directed by the genetic traits would 
make a much more efficient transfer of the ele ctrons from pyruvate 
or formate to the nitrogen activating site. In other words , with K .  
pneumoniae well-controlled cell-free c onditions using pyruvate or 
formate as electron d onor s have not yet been worked out . 
Under the experimental conditions of this study, the cell-free 
extract had a similar pattern in many respects with both pyruvate 
and formate as the source s of electrons . Both sub strate s gave 
optimum activity at a protein level of 12 mg per r eaction fla sk. 
Both substrates supported a maximum activity terminated within 10 
minutes .  Both did not involve NADP in their electron transport 
pathway( s ) . The electron transport system( s ) for both substrates 
r emained in the soluble fraction when centrifuged at 144 , 000 xg for 
60 Ininute s .  Upon further separation of the soluble fraction, the 
evidence that suggested a different pathway of electron transport 
for pyruvate and formate was feeble ( see results) because the chance 
of a laboratory ac cident for the inactivity with formate in both s1 
and s2 can not be ruled out . The deterioration of electron transport 
system( s )  for both pyruvate and formate upon storage occurred at a 
similar rate , 15% de crease in activity after 2 days, 50% loss of 
activity in 3 weeks and complete los s of activity in 5 to 6 weeks . 
At the termination of this study, one could not conclude whether 
the electrons from pyruvate or formate were carried over by the same 
intermediary electron carrier ( s) .  Further study by variou s  means , 
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such a s  dialysi s  of the cell-free extract , heating , gel filtration , 
DEAE-cellulose fractionation or cross  reaction with the known 
endogenous raductants found in other nitrogen fixing bacteria a s  
azotoflavin, a zotoba cter-type ferredoxin and/ or flavodoxin , is  
neces sary to reveal the intriguing electron
.
transport pathway( s ) 
for these substrate s ,  pyruvate and formate . 
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